1 mg; per liter of distilled water, and was adjusted to pH 7.4 (T broth). For most phage studies the cultures were grown at 62 to 65 C in baffle-bottomed DeLong flasks (Bellco Glass Co., Vineland, N.J.) with shaking at a speed of 133 rev/min, describing an 0.5-inch (1.27-cm) diameter circle.
Phage assay. TP-84 was assayed by the soft-agar overlay technique. The overlayer contained 2.5 ml of 0.65% agar in T broth, 0.3 ml of a cell suspension of B. stearothermophilus 10, and 0.1 ml of phage suspension. The base layer contained about 30 ml of 2% agar in the same broth (T agar). The plates were incubated overnight at 55 C prior to the counting of plaques.
Preparation of mass lysates. Large quantities of cells were prepared by inoculating 15 Purification of TP-84. Mass lysates of phage TP-84 were purified according to the scheme outlined in Fig. 1 . The lysate was stirred continuously during the ammonium sulfate addition until all of the salt was dissolved. The container was then placed in a cold room and held overnight at 4 C without stirring.
For the final purification step, solid CsCl (99% purity, Penn Rare Metals) was added to the phage suspension to bring the density of the suspension to 1.51 g/cc. The density was determined by measurement of the refractive index with reference to a standard curve of CsCl concentration versus refractive index.
After density gradient centrifugation, the centrifuge tubes were pierced and the contents were dripped out. The white band of TP-84 was collected in a separate tube. The titer of the phage band was 3 X 1012 to 9 X 1012 PFU/m1. TP-84 is insensitive to osmotic shock, and was assayed directly from CsCl solutions. The phage preparation was dialyzed exhaustively against the desired buffer and stored at 4 C for later use.
Smaller amounts of phage were sometimes purified by differential centrifugation at 0 C, consisting of two low-speed centrifugations of 10 min each at 10,000 X g followed by a high-speed centrifugation at 27,000 X g for 2 hr. The pellet was discarded after (21) , and were based on p = 1.713 g/cc for the DNA of Escherichia coli.
Sedimentation velocities. Sedimentation velocities were determined in a Spinco (model E) analytical ultracentrifuge at 20 C. SSC was the solvent used for both the intact phage and phage DNA experiments. The sample was always equilibrated against the solvent by dialysis prior to ultracentrifugation. All runs were made in a 12-mm standard cell fitted with a Kel-F centerpiece.
Diffusion measurements. Diffusion studies were performed in a Perkin-Elmer moving-boundary electrophoresis apparatus (model 238A). The temperature of the cell bath was maintained at 3.5 to 4.5 C, and corrections were made for temperature variations.
The diffusing boundary was photographed at various time intervals, the photographs were enlarged (2.54 X), and the peak areas were measured four times with the aid of a planimeter. The average value of each peak area was used to calculate the diffusion coefficient. The diffusion coefficient was calculated according to Ehrenberg (7), and was corrected for solvent viscosity and to infinite solute dilution.
RESULTS AND DIscussIoN
Medium. The composition of the growth medium had a marked effect on the titer of phage produced in broth lysates. Studies to develop a medium which would yield high phage titers resulted in the formulation of T broth (Saunders, Ph.D. Dissertation, Univ. Illinois, Urbana, 1965). The composition of this medium is described in Materials and Methods. Omission of CaCl2 from T broth reduced the phage titer produced from 5.5 X 1010 to 7.3 X 106 PFU/ml. The enhancement of TP-84 phage production by Ca++ is similar to that reported for other thermophilic phages (18, 19, 23, 24, 26) . The Ca++ effect has not been investigated further, but presumably Ca++ is required either for phage adsorption to host cells or for phage stability (1) or for both.
The addition of glucose at the time of infection increased the phage titer about 1,000-fold (Table 1) . Thompson and Shafia (22) * B. stearothermophilus 10 starter culture (1.5 ml) was added to 30 ml of T broth in a 250-ml DeLong flask and shaken for 6 hr to give 7.5 X 108 cells per milliliter at 65 C. Each flask was then infected at an MOI of 0.012 and further incubated with shaking at 65 C for 5 hr. The flasks were then titered after low-speed centrifugation. Plaque morphology appeared to be independent of the incubation temperature over the range of 43 to 76 C.
One-step growth experiment. Owing to the slow adsorption rate of TP-84 to host cells, a one-step growth experiment could not be performed in the conventional manner described by Adams (2) . The one-step growth curve was approximated by preincubating the sensitive cells with phage, raising the incubation temperature to allow for phage development, and following the infection by assaying the suspension at various time intervals. The procedure involved infecting for 11 min at 43 C at a MOI of 0.6 and diluting into prewarmed T broth containing 0.5 % glucose at 62 C. The suspension was shaken vigorously and assayed at 5-min intervals, and the titers were plotted as a function of time at 62 C. An even plateau was not attained (Fig.  2) , although a burst size of approximately 20 phage per infected cell and a latent period of 22 to 24 min were estimated. Incubation for longer than 50 min resulted in recycling, with the relative titer rising to greater than 6,400. Preinfection at 43 C for 11 min, followed by washing twice to remove unadsorbed phage and then incubation at 62 C, resulted in essentially the same growth curve except that the latent period was extended to 30 min. Apparently, centrifugation at room temperature caused the onset of a short lag before phage development was resumed.
Heat inactivation. The thermal inactivation of TP-84 in SSC buffer and in T broth at 65 C is shown in Fig. 3 . It is evident that, at 65 C, the time interval is not critical (at least up to 12 hr) as long as the phage is in T broth. In SSC buffer, short exposures at 65 C lead to a significant loss in titer.
Electron microscopy of TP-84. Electron photomicrographs of negatively stained preparations of phage TP-84 revealed a hexagonal-shaped head with a long tail. The phage head was 53 mA in diameter and 30 m,u along each side. The tail was 131 m,u long.
Morphologically, TP-84 resembles the thermophilic phages TP-1 and TP-1C described by Welker and Campbell (23) , except that the latter two phages have longer tails (240 m,) than TP-84. All three phages differ morphologically from the small spherical (10 m,u diameter) thermophilic phage 4,u-4 described by Shafia and Thompson (18) .
Ultracentrifugal analysis of TP-84. TP-84, purified as described in Fig. 1 , migrates as a single peak in the analytical ultracentrifuge (Fig. 4) , with a sedimentation coefficient of 436S. This value has been corrected to infinite dilution and for solvent viscosity at CsCl density gradient resulted in the formation of a single Gaussian-shaped band (Fig. 5) . A plot of the square of the band width against the logarithm of the relative concentration gave a straight line. This indicates that the phage band was homogeneous with respect to particle molecular weight and with respect to the buoyant density of the particle. The buoyant density of TP-84 was 1.508 g/cc, calculated from the input density of the CsCl solution.
The partial specific volume (v) of a phage is approximately equal to the reciprocal of its buoyant density in CsCl (8) . In the case of phage TP-84, v was calculated to be about 0.66 ml/g. Diffusion coefficient. For the diffusion studies, TP-84 was exhaustively dialyzed into 0.1 M NaCl, 0.08 M MgSO4, and 5 X 10-3 M tris(hydroxymethyl)aminomethane (Tris) hydrochloride buffer (pH 7.4). Three concentrations of phage were employed. Figure 6 shows the diffusing boundary of TP-84 after 22, 51, and 99 hr at a phage concentration of 1.13 X 10'3 PFU/ml.
The diffusion coefficient was calculated to be 6.19 X 10-8 cm2/sec. This value has been corrected to infinite dilution and for solvent viscosity at 20 C.
Molecular weight of TP-84. By inserting the sedimentation, diffusion, and partial specific volume values into the Svedberg equation, the molecular weight of the phage particle was calculated to be 50. 5 (Fig. 7, upper curve) , with sedimentation coefficients of 34S, 82S, and 176S. After exhaustive dialysis of the phosphate-treated phage preparation against 0.1 M NaCl-0.08 M MgSO4-5 X 10-3 M Tris-HCl (pH 7 and 120S, along with intact phage at 400S, when phage a of B. megaterium was suspended in 1 % NaCl.
Absorption spectrum. Figure 8 shows the UV absorption spectrum of purified TP-84 in SSC buffer. The curve is typical for a nucleoprotein, (5) . Only four UV-absorbing spots were found on the chromatograms. They corresponded to adenine, guanine, cytosine, and thymine.
The thermal denaturation proffle of TP-84 DNA shows a 41% hyperchromic shift (Fig. 9) , with a Tm = 86.4 C; purified host DNA (B. stearothermophilus 10), shown in the figure for comparison, melted with a Tm = 90.8 C. The buoyant density, T,m, and per cent guanine + cytosine (G + C) values for phage TP-84 and the bacterial host DNA are given in Table 3 . Microdensitometer tracings of the banded phage DNA and phage DNA plus B. stearothermophilus 10 DNA banded in the same cell are shown in Fig. 10 . The DNA base composition of TP-84 (42 % G + C) is identical to that reported for the temperate thermophilic phage TP-1 and its clear plaque mutant TP-1C (23) . The value of 50 to 52% G + C for the DNA of the strains of B. stearothermophilus studied confirms that reported for this organism by Welker and Campbell (23) .
